The transformation-specific protein pp60src coded for by avian sarcoma viruses and its associated protein kinase activity is present in virus particles of Rous sarcoma virus, Schmidt-Ruppin strain, subgroup D. Quantitative comparison of the immunoglobulin G-phosphorylating activity in Schmidt-Ruppin D virus and Schmidt-Ruppin D virus-transformed fibroblasts indicated that there was two-to fourfold less activity in the virus particles. Disruption of virus particles with nonionic detergent demonstrated that the protein kinase activity fractionated together with the viral membrane protein gp85. Therefore, viral membranes were isolated by floating detergent-disrupted virus through a discontinuous sucrose density gradient. At a characteristic density corresponding to 26% sucrose, viral membranes were identified by the radioactively labeled viral glycoprotein and furthermore by the membrane marker enzyme Na+-K+-stimulated, Mg2e-activated ATPase and were visualized by electron microscopy. Contamination by cell membranes could be ruled out, since (i) the virus preparation was free of cell membrane contaminants as judged from electron microscopy, (ii) floating of intact virus did not release membraneous material, and (iii) virus-free tissue culture fluid from Schmidt-Ruppin D virus-transformed nonproducer cells (which potentially contain cell membranes) did not contribute any immunoglobulin Gphosphorylating activity after mixing with nontransforming virus and pelleting it. Both pp60`rc and the protein kinase activity were found to be associated with the viral membrane. Solubilization of virus by detergent released two phosphoproteins, with molecular weights of 42,000 and 45,000 which reacted with sera specific for pp6Osrc and revealed protein kinase activity but which were not membrane bound and may have represented degradation products of pp60"rc. Surface iodination of intact virus particles (harvested at 3-h intervals) did not result in radioactive labeling of pp60src, whereas collection at 24-h intervals allowed iodination of pp6Osrc. In contrast to the viral glycoprotein gp85, the iodinated virionassociated pp60`rc was insensitive to mild proteolytic treatment. Binding to tumorbearing-rabbit serum, immunoglobulin G phosphorylation, and endogenous phosphorylation of 60,000-, 45,000-and 42,000-dalton proteins required lysed virus and were not possible with intact virus. These results indicated that pp60`re was embedded within the viral membrane. Membrane proteins phosphorylated in vitro were analyzed for their phosphoamino acid composition. Eight polypeptides exhibited phosphorylation in tyrosine and were absent in nontransforming viral controls.
pp60" AND AVIAN SARCOMA VIRUS MEMBRANE 1035 the plasma membrane of the host cell during the budding process (for review, see Montelaro and Bolognesi [23] ). We expected that fragmentation of the virus into subviral components would allow localization of pp60src inside the virion. We found pp6Osrc to be associated with a membranie fraction, but not with the inner compartments of the virus. Since the viral envelope reflects properties of the cellular membrane, presumably without cytoplasmic contamination, and since these envelopes can be easily prepared, we concluded that the system could be a good membrane model to study the localization of pp6osrc
MATERIALS AND METHODS
Cells and viruses. Primary chicken embryo fibroblasts were seeded on petri dishes and infected with SR-D virus cloned in this laboratory. The transformed cells, which grew as monolayers, were transferred to plastic roller bottles (Corning). The supernatants were harvested at 3-, 12-, or 24-h intervals. Virus was pelleted from the supernatant and purified on a 20 to 55% sucrose gradient. To remove the sucrose, the virus was repelleted, suspended in a small volume of TNE (concentration, about 5,000-fold), and stored frozen. All details have been described elsewhere (26) . Avian myeloblastosis virus was a generous gift from J. Beard, Life Sciences, Inc., St. Petersburg, Fla. Before use it was purified on a sucrose density gradient as described above for SR-D. The T2 cell line was established in this laboratory and originated from a tumor in BALB/ c mice induced with SR-D-transformed 3T3/BALB/c (A31) cells. Radioactive virus was prepared as described previously (22) .
Buffers and solutions. RIPA buffer consisted of 50 mM Tris-hydrochloride (pH 7.2), 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% deoxycholate, and 1% Triton X-100. Phosphate-buffered saline contained 17 mM Na2PO4 and 2.6 mM KH2PO4, giving a pH of 7.4 , and 120 mM NaCl. The sample buffer for gel electrophoresis consisted of 50 mM Tris-hydrochloride (pH 6.8), 2% sodium dodecyl sulfate 10% glycerol, 5% /Bmercaptoethanol, and 0.001% bromophenol blue. TNE was made of 50 mM Tris-hydrochloride (pH 7.4), 100 mM NaCl, and 0.001 M EDTA. All sucrose concentrations are expressed as weight/weight percentage.
Isolation of viral cores. A procedure similar to the one we used for viral core isolation has been described elsewhere (5, 31 For endogenous activity, no templates were added; for exogenous assays, the enzyme was stimulated by 5 yg of polyriboadenylate * oligo deoxythymidylatelo per ml, and unlabeled triphosphates were omitted. Incubation was for 60 min at 39°C. Acid-precipitable radioactivity was determined (21) . Na+-K+-stimulated, Mg2+-activated ATPase, a membrane marker enzyme, was tested according to Avruch and Wallach (1).
Immunoprecipitation. Precipitation was performed in a total volume of 500 ,lI consisting of 100 ,l of the protein kinase-containing fraction, 400 Ml RIPA buffer, and 5 p1 of absorbed TBR serum. TBR serum was absorbed with an excess of avian myeloblastosis virus polypeptides and normal chicken cell lysates as described previously (32) . Throughout the whole precipitation procedure, 100 Tyrosine analysis. Tyrosine analysis was performed as described recently (15) . The phosphotyrosine marker was synthesized in our laboratory as described in reference 30. (Fig. 1A) . To determine the amount of protein kinase activity present in virions, increasing amounts of viral protein were compared with SR-D-transformed cellular lysates for IgG phosphorylation. The radioactivity recovered with the IgG after the gel electrophoresis was plotted as a function of protein concentration (Fig. 1B) . Figure 1B shows that SR-D-transformed cellular lysates contained about fourfold higher enzyme activity than did virus particles harvested at 12-h intervals. The IgG-phosphorylating activity was higher in virus harvested at shorter (3-h) intervals. This was probably due to the presence of degraded inactive virus in the long-time-interval harvest.
RESULTS

IgG
Association of pp60src-protein kinase with virus particles prompted us to investigate whether pp6Osrc was an internal component of the virus or membrane bound or, alternatively, a cell membrane contaminant. To decide among these possibilities, the virus particles were fractionated into their core and envelope components.
Isolation of viral cores. A simple method for isolating viral cores has been widely used (5, 31). The virus was centrifuged through a sucrose density gradient immediately after disruption with nonionic detergent. After this treatment, the ribonucleoprotein bands at high densities, whereas other viral components band at lower densities. Such a fractionation was performed with lysed SR-D virus particles. The sucrose concentration and the RNA-dependent DNA polymerase activity with the endogenous RNA and polyriboadenylate oligo deoxythymidylate as templates were determined ( Fig. 2A) . Furthermore, each fraction was analyzed for the presence of IgG-phosphorylating activity with the TBR serum ( control virus, avian myeloblastosis virus, which does not code for a src-related polypeptide. No IgG phosphorylation with TBR serum was detected in any of the gradient fractions even at a 10-fold-longer exposure time (data not shown).
Association of pp6O"' and protein kinase activity with viral membranes. The gradient mentioned above did not allow correlation of the IgG-phosphorylating activity with any given subviral fraction. Association of this activity with [3H]glucosamine-labeled gp85 suggested that the viral membranes harbored the protein kinase activity. Therefore, a membrane fraction was prepared by treatment of the virus with nonionic detergent and high-speed centrifugation. The resulting pellet was resuspended and layered beneath a discontinuous sucrose gradient for membrane isolation. Membranes floated to a density corresponding to 26% sucrose (Fig. 3 ). They were identified by a membrane marker enzyme, the Na+-K+-stimulated Mg2+-activated ATPase, and also by determination of [3H]glucosamine radioactivity, which was incorporated specifically into the viral envelope glycoprotein gp85 during metabolic labeling (Fig. 3A) . The membrane gradient was furthermore shown to be free of RNA-dependent DNA polymerase activity, which is located within the viral core. The fractions were analyzed for the presence of pp60src protein kinase activity by phosphorylation of the IgG of TBR serum (Fig.  3B) . The main activity was found in fractions 14 through 16. pp6OBrc itself was identified by endogenous phosphorylation of the individual fractions and subsequent immunoprecipitation (Fig.  30 ), which gave rise to a labeled 60-kilodalton (60K) molecule in the same fractions (14 through 16) wherein IgG phosphorylation and membrane markers were detected. Normal rabbit serum did not precipitate any proteins in these reactions ( Fig. 3B and C, right) . The polypeptide compositions of the gradient fractions were analyzed by protein staining with Coomassie brilliant blue and allowed detection of gp85 and gp37 and a 60K protein comigrating with the marker enzyme catalase in the membrane-containing fraction (fraction 15). Also, a 42K protein could be detected, but no viral structural proteins (Fig.  3D) ment and high-speed centrifugation of the virus each contained about 50% of the total IgG-phosphorylating activity (Fig. 4A ). This indicated that detergent treatment easily solubilized the enzyme from the virus. However, endogenous phosphorylation of the pellet and supernatant and subsequent immunoprecipitation with TBR serum demonstrated that only the membranecontaining pellet, and not the soluble supernatant, contained intact pp60src (Fig. 4A) . In addition, 45K and 42K molecules were present in both fractions after endogenous phosphorylation and immunoprecipitation. Phosphotyrosine analysis showed that all three bands in the pellet were exclusively phosphorylated in the amino acid tyrosine (data not shown). This was recently demonstrated to be a ppsrc-specific property (13) . The membrane fraction recovered from 26% sucrose of the floating gradient exhibited only pp6Osrc after endogenous phosphorylation and immunoprecipitation (Fig. 4A) . It contained 25% of the initial protein kinase activity.
To analyze whether the 42K and 45K proteins which specifically precipitated with TBR serum were pp6Osrc related, antibodies were used which were directed against the COOH terminus of pp6)src, designated anti-src serum (raised against a synthetic peptide of the COOH-terminal portion of pp6fsrc). Only the 45K protein and pp6OsrC
were precipitated by this serum, not the 42K protein (Fig. 4B) . Partial proteolytic cleavage of the 60K and 45K proteins by chymotrypsin has also suggested a relationship (preliminary evidence), whereas the nature of the 42K protein is still unclear. These results suggested that after release from the membrane, pp60src was proteolytically degraded to a 45K form, which, as judged from Fig. 4A , was more active during IgG phosphorylation than the intact molecule. Although degradation of pp60src in SR-D-transformed chicken embryo fibroblasts has also been reported before (17) , the size of the cellular degradation product was not identical to the one described here. This discrepancy may be due to the different actions of cellular and virion-associated proteases.
pp6OSr-containing membranes are of viral, not cellular, origin. The data presented here very much depended on the purity of the membrane fraction. Therefore, the virus preparation used as starting material for the isolation of membranes and the membrane fraction itself were analyzed by electron microscopy (4) . Figure   4C and D shows sections of SR-D virus particles from the sucrose density gradient shown in Fig.  1 and of the peak fraction of the membrane gradient (Fig. 3, fraction 15 ). As can be seen, the virus was free of contamination with cellular debris. The membrane fraction consisted of relatively homogeneous membrane vesicles which must have formed by fusion of several viral membranes, since they were much larger than the virus particles. The purity of the virus used as starting material allowed the conclusion that these vesicles were of viral origin. Two additional controls were performed to strengthen this point.
Intact virus (without the disruption procedure described as initial treatment for membrane isolation) was applied to the membrane floating gradient. Under such conditions, cellular membrane vesicles attached to the virus should have come off and should have been detected at 26% sucrose. Fractionation of the gradient and IgG phosphorylation of the indicated fractions did not allow detection of any activity at this density. IgG phosphorylation was only found together with the virus (Fig. 5A ), indicating that no cellular membranes contributed to the membrane preparations.
Furthermore, we tested the degree to which cellular debris contributed to the virus during pelleting from tissue culture supernatant. Virusfree tissue culture fluid was harvested from a cell line of SR-D-transformed nonproducer mammalian cells, T2, and mixed with the equivalent amount of nontransforming virus (avian myeloblastosis virus) expected from producer cells. The virus was pelleted, and IgG-phosphorylating activity was determined. No activity was detected in T2 supernatant mixed with avian myeloblastosis virus. Only virus from SR-D-transformed chicken fibroblasts exhibited activity (Fig. 5B) .
Solubilization of protein kinase from virus by detergent treatment. In Fig. 3 we demonstrated the release of IgG-phosphorylating activity from virus particles after disruption. Table 1 shows the influences of various disruption procedures on the distribution of IgG-phosphorylating activity in the membrane-containing, insoluble pellet, compared with the supernatant. Increased salt concentration alone did not release enzyme activity, whereas increasing concentrations of detergent enhanced the efficiency of its solubilization. Increases in salt concentration in addition to detergent also remained without effect. Nonidet P-40 could be replaced by n-octylglucoside if the latter was used at 10-fold higher concentrations. (Fig. 6 ). During these studies it turned out that the efficiency of iodination of pp6osrc depended on the interval of virus harvest. Harvesting of culture fluid at 3-h intervals did not result in iodination of pp6oSrc whereas harvesting at 24-h intervals allowed iodination, which was probably due to the presence of degraded virus in the long-time-interval harvest. The accessibility of the iodinated pp6osrc to trypsin digestion was compared with that of the viral envelope glycoprotein gp85, which is known to be located on the outside of the viral membrane (23) . Iodinated virus was treated with trypsin and lysed, and finally TBR serum or antibodies against gp85 were applied (Fig. 6B) . In parallel, the polypeptide compositions of the virus before and after protease treatment were analyzed by Coomassie brilliant blue protein staining (Fig.  6A) . The iodinated pp6Osrc was resistant to mild proteolytic treatment. This was not due to insensitivity of pp6Osrc to trypsin, since it was trypsin sensitive in membrane fraction 15 (Fig.   6C ). In contrast to pp6Osr, the amount of iodinated gp85 was largely reduced by proteolytic digestion (Fig. 6B) , and some high-molecularweight polypeptides were degraded, as visualized on the Coomassie brilliant blue-stained protein gel (Fig. 6A) . The amount of the viral core protein p27 remained constant, indicating that the inner part of the virion was not affected by the protease treatment. However, p19 appeared to be reduced in parallel with pp6Osrc, which might suggest similar locations.
Accessibility of pp6O8rc-associated protein kinase activity to antibodies and mild proteolytic treatment. To further characterize the location of pp60src in the membrane, we investigated the accessibility of its associated protein kinase activity. Short-time-interval-harvest virus was treated with TBR serum before and after lysis. Excess antibody was washed away by a high-salt-containing buffer which will not affect antigen-antibody complexes after they have been formed. IgG phosphorylation of TBR serum was then performed. Phosphotransferase activity was only observed if lysis preceded antibody treatment (Fig. 7A2 and 3) , and not if the order were reversed (Fig. 7A1) . with different salt or detergent concentrations, as indicated, in a total volume of 500 il. It was then diluted to 5 ml with TNE containing 100 kallikrein inactivator units of Trasylol and centrifuged for 3 h at 50,000 rpm (300,000 x g) and 4°C in an SW50.1 rotor. The pellet was resuspended in the same volume and buffer as the supernatant. Equal amounts of the resuspended pellet and of the supernatant were then tested for IgG phosphorylation by determination of radioactivity from gel slices. The activities are indicated as percentages.
[3H]glucosamine-labeled SR-D virus (6 x 105 cpm) was added in one experiment (treatment with 2% Nonidet P-40), and the activities were 43 and 57%, respectively, for the supernatant and pellet.
'Abbreviations: NP-40, Nonidet P-40; DTT, dithiothreitol.
The protein kinase activity of intact virus harvested at 3-h intervals was furthermore incapable of phosphorylating the 60K molecule or its degraded forms in an endogenous reaction ( Fig. 7B1 and 2 ). Whether the enzyme was immobilized sterically or the radioactive precursors did not reach the active site of the enzyme could not be decided. Endogenous phosphorylation was possible only after lysis (Fig. 7B3) . The amount of 60K itself was low, as most of it was in the degraded form. Proteolytic treatment after endogenous phosphorylation of the lysed virus reduced the amount of the 45K molecule, and a new 26K molecule appeared (Fig. 7B3) . The envelope glycoprotein gp85, which was detected by its [3H]glucosamine labeling, reacted differently. This glycoprotein was precipitated by anti-gp85 antibodies in undisrupted virus particles and was sensitive to trypsin treatment, as expected for a protein located on the outside of the membrane (Fig. 7C) . The effect of trypsin treatment in this experiment was again checked by analysis of polypeptide composition. The membrane-associated protein p19, as well as some high-molecular-weight polypeptides, was After iodination, the virus was left either untreated (a') or was treated with 10 (b') or 50 (c') gLg of trypsin per ml as described in (A) (after trypsin treatment, soybean trypsin inhibitor waspresent throughout all subsequent steps); after trypsinization, virus was lysed, and immunoprecipitation was performed with TBR serum (TBRS) and antigp85 serum (agp) (the agp precipitate shown in a' was exposed for a 10-fold shorter period than all other reactions to avoid blackening of the film). (C) Trypsin sensitivity ofpp60'rc was analyzed by incubating 100
M1 of fraction 15 shown in Fig. 3C for endogenous phosphorylation and subsequent treatment with (+) and without (-) trypsin (10 ration about eight polypeptides of similar size were resolved by one-dimensional gel electrophoresis (Fig. 8A) . None of these were detected in a nontransforming virus control.
Recently, pp60src-associated protein activity was shown to specifically phosphorylate the amino acid tyrosine, whereas most protein kinases known phosphorylate threonine or serine or both (10, 15) . To determine which amino acid was phosphorylated in the SR-D virus preparations, the phosphoproteins were eluted from sodium dodecyl sulfate-polyacrylamide gels, hydrolyzed by acid, and electrophoresed on cellulose thin-layer plates (15) . All phosphoproteins from SR-D virus were phosphorylated in tyrosine as well as in serine and threonine (Fig. 8B) . A 60K molecule was phosphorylated predominantly in tyrosine and to a lesser extent in serine. Only the tyrosine-phosphorylated form was immunoprecipitated by TBR serum (indicated by tipp60src in Fig. 8D) . Therefore, it appeared that, most likely, two populations of 60K molecules existed, pp60src and another protein, unrelated to pp60src, phosphorylated in serine and threonine. Further, a 35K molecule was also found to be phosphorylated in tyrosine. A molecule of similar size has been described in transformed cells as a possible target protein (13, 28 (Fig. 8A) . This can only be explained by an indirect action of the sarcoma-specific kinase. As expected, phosphoproteins associated with Rous-associated virus type 50 were not phosphorylated in tyrosine (Fig. 8C) . The phosphoamino acid analysis of SR-D virus membranes was very similar to that of the melittin-treated virus (Fig.  8D) . This indicated that the in vitro-phosphorylated virion proteins were membrane proteins. Analysis of in vivo-phosphorylated virion-associated phosphoproteins failed, since most of the Pi was incorporated into viral RNA and into phospholipids (unpublished data), which made it impossible to define the viral phosphoproteins after metabolic labeling.
DISCUSSION
In a previous study we showed that virus particles of the SR-D strain used here contained pp6Osrc and its associated protein kinase activity. It is indistinguishable from the pp6Osrc of SR-Dtransformed chicken embryo fibroblasts according to partial proteolytic digest analyses (26 Fig. 3 (the slot indicated by pp60src was included for comparison; it was precipitated from fraction 15 by TBR serum, processed on a gel, and eluted for phosphotyrosine analysis. cated in the cytoplasm (7, 29) . Furthermore, Lee et al. (18) examined the distribution of Rous sarcoma virus-specific mRNA's in infected chicken cells and found that essentially all of the src message was associated with free polyribosomes, suggesting that pp60src is not a membrane protein. Analysis of the site of synthesis of the src gene product in chicken cells by immunoprecipitation also showed that 90% was synthesized on free polysomes (27) . However, association of pp6osrc with membranes has also been observed by electron microscopic immunocytochemistry. Since RNA tumor viruses arise from the cell by budding through the cell surface, the viral envelope reflects properties of the cellular membrane. The presence of pp6osrc in the viral membrane therefore supported the notion that it was a cell membrane protein, incorporated from there into the virion. Our data on the analysis of viral membranes did not exclude, however, the possibility that it was present in the cytoplasm as well. Viral membranes serve as useful models for cellular membranes, since they are not contaminated with cytoplasm. The are possibly also pp60src-related fragments and may be identical to the molecules described by others (2) . The sensitivity of pp60src to mild proteolytic treatment was different from the responses observed with gp85 and gp37, but it paralleled the behavior of p19, which is located in the inner viral coat (23) . Analysis of the phosphoamino acids of phosphorylated membrane proteins resulted in a surprisingly high number of molecules which were phosphorylated in their tyrosine moiety. Whether this is a consequence of the in vitro reaction or whether many membrane proteins are potential target proteins of pp6Osrc should be further analyzed. Since such an effect was only observed with transforming virus particles, it appeared to be sarcoma related. pp6Osrc is assumed to specifically phosphorylate tyrosine (10, 15) . Therefore, it is still unclear why several phosphoproteins were phosphorylated in threonine and serine and found only in transforming, but not in nontransforming, virus.
